This paper describes the development of an aeroelastic code (TURBO-AE) based on an Euler / Navier-Stokes unsteady aerodynamic analysis. A brief review of the relevant research in the area of propulsion aeroelasticity is presented. The paper briefly describes the original Euler / Navier-Stokes code (TURBO) and then details the development of the aeroelastic extensions. The aeroelastic formulation is described. The modeling of the dynamics of the blade using a modal approach is detailed, along with the grid deformation approach used to model the elastic deformation of the blade. The work-per-cycle approach used to evaluate aeroelastic stability is described. Representative results used to verify the code are presented. The paper concludes with an evaluation of the development thus far, and some plans for further development and validation of the TURBO-AE code.
More recently,a fullpotentialunsteady aerodynamic analysishas been used with a modal structuraldynamics approach to model the aeroelasticbehavior of fan blades [Bakhle and Reddy, 1993 and Bakhle et al.,1993] Hall,1992 , He and Denton, 1993 , Gerolymos and Vallet, 1994 , Peitsch et al., 1994 , and Carstens, 1994 have also developed inviscidand viscous unsteady aerodynamic analyses forvibratingblades. In the following two sub-sections, the grid deformation scheme and the work-percycle and generalized force calculations are detailed.
Grid Deformation
The blade ofa rotorundergoes a rigid-bodyrotationabout the axisof the rotorand a The grid deformation approach [Huff, 1989] used in the TURBO-AE code is described here. In this approach, the grid pointson the surfaceof the blade move by 
Work and Force Calculation
To determine aeroelasticstabilityusing the work-per-cycle approach, the blade motion isspecifiedto be harmonic:
where qo is the amplitude of motion and m is the vibration frequency.
The work-per-cycledone on the blade iscalculatedas: 
(3)
In the above, p = p(x,y,z,t It is assumed that the tip gap is zero. The finite-element structural dynamics data is for a grid with 224 points. The results presented are for an inviscid run of the code. The code has been run in the viscous mode for other configurations.
To begin, a steady solution is obtained for this configuration.
The aeroelastic calculations are then performed. Figure 1 shows the finite-element and CFD grids on the blade surface. It is to be noted that the blade planforms from the two grids are slightly different.
In the regions where the two planforms do not match, extrapolation (rather than interpolation) is used to transfer the modal deflections from the finite-element grid to the CFD grid, and hence there is potential for errors at these locations In Figure 5, the variationofthe cumulative work, from Results have been presented to show the working ofthe code fortwo modes ofblade vibration.Dynamically, the blade is seen to be stable in both the firstand second modes. The results for the firstmode show that the force acting on the blade is linearat the selectedamplitude of vibration.The resultsfor the second mode show that a non-linear response is obtained for a fairlysmall amplitude of vibration.
However, a reduction ofamplitude resultsin a linearresponse, as expected.
The calculationsfor the second mode illustratean advantage of the work-per-cycle approach, namely, it remains valid even ifthe force is non-linear.However, the work-per-cycle approach suffersfrom an assumption that the aerodynamics and the structuraldynamics can be decoupled.
A major limitationof the code isthat itiscurrently restrictedto the analysis of inphase blade motions. In a propulsion component, fan, compressor, or turbine,itis necessary to consider the various interbladephase angles at which fluttercan occur.
Hence, in the future,the code will be extended to allow the analysis of arbitrary interblade phase angles. This can be accomplished either by including multiple blade passages in the calculations, or by using a singleblade passage with time (or phase) shiftedboundary conditions.Also, it is necessary that the TURBO-AE code be exercised to evaluate itsabilityto analyze and predict flutterfor conditions in which viscous effectsare significant. This isalsoplanned forthe future.
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